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Most biologically activemicrobial natural products are known from strains that can be isolated and cultivated
in the laboratory. However, the genomics era has revealed that cultured bacteria represent a mere fraction of
total estimated bacterial biodiversity. With the development of community genomics, termedmetagenomics,
the uncultivated majority became accessible for functional analysis. Through metagenomic studies, novel
biocatalysts and biosynthetic pathways are being discovered at a pace previously not possible using tradi-
tional molecular biology techniques. Additionally, the study of uncultivated bacteria has provided valuable
insights into previously overlooked biocatalysts from cultured strains. This perspective highlights recent dis-
coveries frommetagenomics of uncultivated bacteria and discusses the impact of those findings on the field
of natural products.Introduction
With the advent of cultivation-independent methods for study-
ing microbial diversity (e.g., 16S ribosomal RNA phylogeny),
we now know that bacteria inhabit nearly every ecological niche
imaginable: from the deepest oceans to arid deserts to the gut
of nearly every multicellular organism. They can exist as free-
living organisms or form symbiotic or pathogenic relationships
with eukaryotic hosts or other prokaryotes. Yet, despite the
ubiquity of bacteria and our extensive effort to study them, the
vast majority of microbial biodiversity has not been functionally
characterized (Wu et al., 2009). This is largely due to current lim-
itations in cultivation technologies but also to the sheer number
of estimated bacterial taxa. For instance, approximately 70% of
all known bacterial phyla do not have a single cultured represen-
tative (Achtman and Wagner, 2008). This reality is both exciting
and somewhat daunting considering the extremely prosperous
relationship between cultivated bacteria and industrial applica-
tions. Specialized bacterial strains, their produced proteins,
and small molecules are used in industries involved in food pro-
cessing, biofuel production, cosmetics, materials chemistry,
and pharmaceutical drug discovery and production. In fact,
bacteria are likely the best hope for discovery of novel antibi-
otics to combat the ever growing prevalence of antibiotic-resis-
tant pathogens (Wright, 2012). Moreover, greater than 10,000
biologically active metabolites with therapeutic properties
against cancer, HIV, inflammation, and many more human dis-
eases are known from cultured actinomycetes alone, most of
which are produced by a single genus (Streptomyces) (Be´rdy,
2005). Full genome sequencing of cultured bacteria also brings
light to the fact that, in most cases, the isolated secondary me-
tabolites of even well-studied producers barely scratch the sur-
face of the biosynthetic potential encoded within their DNA
(Bentley et al., 2002; Udwary et al., 2007). Extrapolating what
we know from these prolific cultured strains, we can hypothe-
size that the potential for discovery of novel biocatalysts and636 Chemistry & Biology 20, May 23, 2013 ª2013 Elsevier Ltd All righbiosynthetic gene clusters from the uncultured majority is
massive.
In the last decade or so, the field of metagenomics has proven
to be a fruitful means for accessing the biosynthetic machinery of
uncultured bacteria, thus circumventing traditional molecular
methods that rely on cultivation. Metagenomics is the analysis
of DNA from a mixed population of organisms and initially
involved the cloning of either total or enriched DNA directly
from the environment (eDNA) into a host that can be easily culti-
vated (Handelsman, 2004; Miao and Davies, 2009). More
recently, advances in next generation sequencing (NGS) tech-
nologies allow isolated eDNA to be sequenced and analyzed
directly from environmental samples (Shokralla et al., 2012). Us-
ing a variety of functional or bioinformatic screening methods,
novel biocatalysts and small molecule biosynthetic genes can
be identified at an increasing pace. Metagenomics in industrial
applications has yielded numerous enzyme biocatalysts used
in the production of important commodities, such as biofuels
(Xing et al., 2012) and detergents (Lorenz and Eck, 2005). In
the field of natural product drug discovery, metabolites or puta-
tive pathways for most known and some previously unreported
structural families have been isolated from soils (Chang and
Brady, 2011; Feng et al., 2011), sponges (Freeman et al., 2012;
Piel et al., 2004a), tunicates (Rath et al., 2011; Schmidt et al.,
2012), insects (Piel, 2002), and many more ecological habitats
using metagenomic methods. In many cases, the challenge still
remains to link biosynthetic genes to products; however, several
examples of successful heterologous expression or in vitro char-
acterization of biosynthetic genes have been reported (Brady
et al., 2001; Brady and Clardy, 2005a; Long et al., 2005). For
detailed reviews, see Piel (2011), Nikolouli and Mossialos
(2012), and Brady et al. (2009). Excitingly, research on unculti-
vated bacteria has shown that unprecedented biosynthetic en-
zymes and transformations can be found in these organisms at
high frequency. In this perspective, we discuss strategies forts reserved
Figure 1. General Metagenomic Workflow
Graphical schematic summarizing the steps
involved in a typical metagenomic workflow.
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highlight case studies of novel biochemistry discovered by these
methods.
Metagenomics: A Powerful Tool for Accessing
Uncultured Bacteria
A powerful tool for investigating the biosynthetic potential of an
uncultivated bacterial population involves the construction of
an eDNA library in a suitable host (Figure 1). This begins with
the isolation of high molecular weight eDNA, for which several
protocols have been developed from a variety of different envi-
ronments (Gurgui and Piel, 2010; Liles et al., 2008; Ouyang
et al., 2010). Enrichment of specific cell populations is common
prior to eDNA isolation (Hildebrand et al., 2004; Jiao et al., 2006;
Lenk et al., 2012). This strategy is often used for samples that
contain mixtures of eu- and prokaryotic cells, such as marine
sponges and other invertebrates containing symbiotic bacteria
(Bewley et al., 1996; Piel et al., 2004a). Each population canChemistry & Biology 20, May 23, 2013then be targeted for analysis separately.
As with genomic library construction of
single organisms, Escherichia coli is the
most common host; however, it is some-
times necessary to use an alternate DNA
recipient for properties such as codon
bias and precursor supply capability
when considering function-based
screening protocols (Brady et al., 2009;
Craig et al., 2009, 2010; Piel, 2011;
Wang et al., 2000). The choice of vector
can also determine the success or failure
of a particular project. Cosmid and fosmid
vectors are the most commonly used for
library construction, because they can
accept fragments from 35–45 kb, can
easily be transfected into E. coli to pro-
duce millions of clones, and are relatively
stable (single copy fosmids are more sta-
ble than cosmids). Larger insert libraries
using bacterial artificial chromosomes
(BACs) have also been successful (Gilles-
pie et al., 2002; Long et al., 2005) but are
less common, due to the challenge of
isolating DNA fragments of sufficient
sizes from eDNA. Hundreds to millions
of clones can be maintained in a 96 or
384 well format, as liquid pools (Rondon
et al., 2000), or in a low-melting-point
agarose three-dimensional (3D) matrix
(Gurgui and Piel, 2010), depending on
the number of clones required to obtain
ample coverage for screening purposes.
Once the library is constructed, it can be
subjected to functional or homology-
based screening protocols.A common method for identifying discrete biocatalysts or me-
tabolites synthesized by small to medium-sized gene clusters
(i.e., smaller than the vector insert size) is to screenmetagenomic
library clones for modified phenotypes or specific enzymatic
function. This method is prevalent for the identification of indus-
trially relevant enzymes, such as cellulases, lypases, esterases,
and many more (Reyes-Duarte et al., 2012). Phenotypic screens
based on color, zones of inhibition on bacterial (Rondon et al.,
2000) or fungal (Chung et al., 2008) lawns, hemolytic activity on
blood agar plates (Gillespie et al., 2002), or the use of specific re-
porter genes (Guan et al., 2007; Owen et al., 2012) are employed
for identifying functional biocatalysts. A number of natural prod-
ucts and their biosynthetic machinery have been identified
through functional screening of soil metagenomes, including tur-
bomycin A (1) and B (2) (Gillespie et al., 2002), terragines (3)
(Wang et al., 2000), fatty acid derivatives (Brady et al., 2002;
Brady and Clardy, 2003), and several aromatic polyketides
(Feng et al., 2011; Figure 2). Intracellular reporters based onª2013 Elsevier Ltd All rights reserved 637
Figure 2. Natural Products Whose
Biosynthetic Pathways Were Identified
through Metagenomics or Single-Cell
Isolation from a Metagenomic Sample
The turbomycins (1 and 2) and terragine A (3)
pathways were discovered from soil meta-
genomes, the patellazole A (4) and bryostatin 1 (5)
pathways are from symbiotic bacteria associated
with marine invertebrates, and the apratoxin A (6)
pathway was identified by single-cell analysis of a
cyanobacterium.
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novel quorum-sensing molecules (Williamson et al., 2005) and
phosphopantetheinyl transferases involved in polyketide and
nonribosomal peptide biosynthesis (Owen et al., 2012). In these
screens, the metagenomic library host carries a reporter gene
(e.g., GFP), usually located on a plasmid, that is activated
when a specific target from the eDNA is expressed. Functional
screens are advantageous because they do not require any pre-
vious knowledge of gene sequences and are perhaps the best
way to identify novel biochemical mechanisms.
Alternatively, gene homology-based screens rely on using
sequence similarity to previously known biosynthetic genes or
biocatalysts. Though limited in their utility for discovery of
completely novel enzymatic reactions, homology-based
methods do not require expression of biosynthetic genes for
detection. PCR or hybridization techniques are the most com-
mon strategies for identifying, quantifying, and cataloging genes
of interest frommetagenomic libraries, especially in the early ge-
nomics era. Typically, degenerate primers designed from highly638 Chemistry & Biology 20, May 23, 2013 ª2013 Elsevier Ltd All rights reservedconserved regions of biosynthetic targets
are used to PCR amplify gene fragments
from total or enriched eDNA. From these
fragments, specific PCR primers can be
generated for screening a metagenomic
clone library. This is a common strategy
to identify modular polyketide or nonribo-
somal peptide biosynthesis in a metage-
nomic sample, since these pathways
are more difficult to detect in functional
screens compared to individual bio-
catalysts or smaller pathways (e.g., type
II polyketide synthase [PKS] systems).
This is due to the fact that these pharma-
ceutically relevant natural products are
synthesized by gene clusters that can
easily exceed the insert size limitations
of fosmid or even BAC vectors, making
it often necessary to isolate multiple
clones or perform genome walking in
order to obtain the complete gene clus-
ter. Thus, heterologous expression of
modular PKS or nonribosomal peptide
synthetase (NRPS) pathways can usually
only be attempted after initial identifica-
tion using homology-based screens.
As high-throughput sequencing and
assembly technologies improve and pri-ces decrease, large-scale sequencing of enriched and metage-
nomic DNA is becoming more common for homology-based
gene discovery. These NGS platforms, including 454 Life Sci-
ences pyrosequencing, Illumina, single molecule sequencing,
and others have revolutionized the way metagenomic (and tradi-
tional genomic) data are obtained. Enormous amounts of
sequencing reads can be generated within hours using the latest
platforms. An unfortunate disadvantage with NGS is that assem-
bly becomes very challenging, due to short read lengths associ-
ated with most platforms. PKS and NRPS pathways from
metagenomes can be particularly challenging to assemble
because of the highly conserved and repetitive organization of
these genes. Additionally, complex systems (e.g., animal-micro-
bial associations and soil) can contain several hundred to thou-
sand different species of bacteria and with numerous PKS and
NRPS genes. Nonetheless, this challenge can be addressed to
some degree by using paired-end libraries, deeper sequencing,
or enrichment of the producing bacteria, and gap closing using
PCR. These strategies have been used with NGS to identify
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ston et al., 2013; Liu et al., 2010) as well as the patellazole (4)
(Donia et al., 2011a) and bryostatin (5) (Sudek et al., 2007)
biosynthetic gene clusters from uncultured bacteria associated
with marine invertebrates.
An important limitation to the use of metagenomics for com-
plex communities is that biosynthetic genes can rarely be
ascribed to a specific producer, as clones carrying both biosyn-
thetic genes and phylogenetic markers are almost nonexistent in
clone libraries. Single-cell genomics has emerged as a tool to
address this dilemma and reducemetagenomic complexity. Sin-
gle cells can be isolated from complex microbial mixtures via mi-
crofluidic encapsulation, micromanipulation, fluorescence-acti-
vated cell sorting (FACS), or microdissection (Blainey, 2013).
The genome of one cell is then amplified by multiple displace-
ment amplification (MDA) to generate enough DNA for
sequencing or PCR screening (Kvist et al., 2007). For example,
single-cell isolation and sequencing was used to identify the
elusive apratoxin (6; Figure 2) pathway from the filamentous cy-
anobacteria, Lyngbya bouillonii, by separating the cyanobacteria
from its associated heterotrophic bacteria (Grindberg et al.,
2011). FACS and MDA were used to sequence the partial
genome of a sponge-associated bacterium from the unusual
candidate phylum ‘‘Poribacteria’’ and linked the bacterium to a
new class of PKS genes (Siegl et al., 2011). Differentiating the ge-
netic make-up of a single organism from a complex assemblage
may give hints to the nutritional requirements necessary for culti-
vation experiments. Many obligate symbionts, however, are
likely to remain unculturable, as they often require host-specific
nutrients or cell-cell interactions in order to grow.
Ideally, the identification of a natural product biosynthetic
gene cluster will subsequently lead to heterologous expression
of the entire cluster and production of its compound. However,
expression of whole pathways from uncultured or slow-growing
organisms remains a major bottleneck in the functional charac-
terization natural product pathways and production of their prod-
ucts. This is especially true for large PKS and NRPS clusters that
can span several cosmid or fosmid clones and can incorporate
precursors or cofactors from external metabolic pathways not
present in the host. Additional challenges to successful heterol-
ogous expression, including codon bias, promoter recognition,
host toxicity, product yield, and host versatility, must be resolved
when considering any experiment. In this case, genomic infor-
mation can assist in choosing an appropriate host organism for
heterologous expression of desired genes. Additional tech-
niques to address these challenges are steadily advancing. For
example, transformation-assisted recombination (TAR) in yeast
has been used to assemble type II PKS clusters fromoverlapping
clone inserts derived from soil eDNA (Kim et al., 2010). Genetic
engineering of broad range host strains has also led to the suc-
cessful expression of cryptic pathways (Busch and Hertweck,
2009; Komatsu et al., 2013).
By applying these methods to various habitats, uncultivated
bacteria are increasingly being recognized as a rich source for
unprecedented biosynthetic enzymology. In the following sec-
tions, wewill provide several examples that illustrate the diversity
of novel pathways and biochemistry encountered in these or-
ganisms. It should be pointed out that many of these features
were later also found in cultured bacteria and are thus not entirelyChemistry & Brestricted to uncultivated organisms. However, the high fre-
quency at which biosynthetic novelty is encountered in the still
limited number of published metagenomic studies suggests a
significant skew toward unusual pathways in environmental pro-
karyotes and thus an exciting discovery potential.
N-to-O Exchange in Enamides
A series of saturated andmonosaturated long-chainN-acyl-tyro-
sines (7 to 8; Figure 3A) were the first novel biologically active
natural products discovered through functional screening of
metagenomic libraries (Brady andClardy, 2000). Later, a broader
range ofN-acyl-amino acids were identified along with enol ester
derivatives (9; Figure 3A; Brady et al., 2002; Brady and Clardy,
2005b). Sequencing and transposon mutagenesis of clones pro-
ducing these compounds led to the identification of a novel N-
acyl-amino acid synthase and, subsequently, to the fatty acid
enol ester biosynthetic gene cluster (Brady et al., 2002; Brady
and Clardy, 2000). Of particular note in this pathway is the un-
precedented N,O-acyltransferase, FeeH, which, through a yet
unknown biochemical mechanism, facilitates the enamine-to-
enol ester conversion (Figure 3A).
Isocyanide Biosynthesis
By functionally screening a soil-derived metagenomic E. coli li-
brary for antibiotic activity against Bacillus subtilis, an isocya-
nide-functionalized indole (10; Figure 3B) was discovered (Brady
and Clardy, 2005a). The genes isnA and isnB located on the
cloned eDNA region were shown to be responsible for biosyn-
thesis. Through stable isotope feeding studies, the indole was
shown to derive from tryptophan. IsnA is an unprecedented iso-
nitrile synthase that performs the C–N condensation, while IsnB
is a decarboxylase (Figure 3B). Extensive feeding studies re-
vealed that the carbon atom of the isonitrile group originates
from a single excised carbon (C2) of ribulose-5-phosphate
(Brady and Clardy, 2005c). To explore this remarkable transfor-
mation further, 12 additional isnA-related sequences were
recovered by homology-based screening of 400,000 soil-
derived cosmid clones, and the resulting clusters were heterolo-
gously expressed in E. coli (Brady et al., 2007). Re-evaluation
of the pvc biosynthetic gene cluster from Pseudomonas
aeruginosa, which contains the isnA homolog pvcA, showed
that themajor product of the pathway was the isocyanide natural
product paerucumarin (11; Figure 3C) and not pyoverdine, as
previously proposed (Clarke-Pearson and Brady, 2008).
Aromatic Polyketide Skeletons
PKSs are responsible for the biosynthesis of some of the most
structurally and functionally diverse bioactive natural products,
many of which are employed pharmaceutical drugs. Evolution-
arily related to fatty acid synthases, PKSs similarly catalyze the
successive Claisen condensation and modification of small
acyl units. There are three main classes of PKS enzymes or
enzyme complexes (type I, II, and III), which can be further
divided into subtypes based on their gene architecture and
whether they function iteratively or modularly. Type II PKSs
generate most of the aromatic polyketides found in bacteria
(Brady and Clardy, 2000), of which tetracyclines and daunoru-
bicin are well-known examples. While a myriad of functionaliza-
tion patterns exist among these substances, the diversity of theiriology 20, May 23, 2013 ª2013 Elsevier Ltd All rights reserved 639
Figure 3. Small Molecules and Proposed Biosynthesis Determined through Functional Screening and Heterologous Expression of
Metagenomic eDNA
(A) Proposed biosynthesis of long-chain N-acyltyrosines ([7] and [8]) and their enol ester derivatives (9).
(B) Proposed biosynthesis of isocyanide-functionalized indoles (10).
(C) Structure of paerucumarin (11).
(D) Representative aromatic polyketides isolated from heterologous expression of eDNA from soil metagenomes.
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discovery of novel skeletons is relatively rare for this substance
class. To explore uncultivated bacteria as a resource of new ar-
omatic polyketides, clones from soil metagenomic libraries
carrying characteristic ketosynthase b (KSb) genes of type II
PKSs were identified using degenerate primers. Positive over-
lapping clones were reassembled by TAR and expressed in
Streptomyces (Feng et al., 2010, 2011; King et al., 2009). From
these studies, two new pentacyclic type II PKS core skeletons
were discovered (12 and 13; Figure 3D) along with derivatives
of two compound families whose core skeletons are extremely
rare among cultured strains (14 and 15; Figure 3D). The novel
pentacyclic product, erdacin (12) is predicted to arise from the
coupling of two smaller but similarly derived bicyclic octaketide
intermediates and has potent antioxidant activity (King et al.,
2009). The other novel pentacyclic polyketide (13) is proposed
to derive from the rearrangement of a common tetracyclic inter-
mediate. Among the rare skeletons isolated were the antibiotic
fasamycins (14), which are active against methicillin-resistant
Staphylococcus aureus and vancomycin-resistant Enterococci
by inhibiting FabF during type II fatty acid elongation (Feng
et al., 2012). The moderately antibacterial fluostatins (15) repre-
sent another rare structural family derived from the TAR-based
assembly and heterologous expression of two clones from a640 Chemistry & Biology 20, May 23, 2013 ª2013 Elsevier Ltd All righmultimillion member metagenomic library constructed from a
soil sample collected in the Anza Borrego desert of Southern
California (Feng et al., 2010). The five-member ring in the core
of 15 is derived from the oxidative excision of a single carbon
and rearrangement of a rabelomycin-like precursor (Feng et al.,
2010). Phylogenetic analysis of KSb domains can assist in struc-
ture predictions for aromatic polyketides from both cultured and
uncultured bacteria, and the novel structural families from meta-
genomic studies are honing the predictive capability of such
methods (Feng et al., 2011).
Expansion of Type I PKS Diversity
A recently recognized subclass of modular type I PKSs is the
trans-acyltransferase (trans-AT) type (Piel, 2010). Trans-AT
PKSs differ from textbook (cis-AT) type I PKSs, in that a free-
standing AT domain protein acts iteratively to provide the acyl
extender units rather than each PKS module containing a dedi-
cated AT domain. Though trans-AT PKS genes or gene frag-
ments were initially identified in cultured bacteria (Huang et al.,
2001; Paitan et al., 1999; Scotti et al., 1993), the first extended
trans-AT PKS biosynthetic gene cluster attributed to a known
product was the pathway for the cytotoxin pederin (16) (Figure 4),
which is produced by an uncultured Pseudomonas sp. symbiont
of Paederus spp. rove beetles (Piel, 2002). To isolate the genes,ts reserved
Figure 4. Polyketides Derived from Trans-AT PKS Pathways
With the exception of leinamcyin (17), these trans-AT PKS products were derived from pathways discovered through homology-based metagenomic library
screening/sequencing.
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amplified using degenerate primers from the total DNA of ped-
erin-producing beetles. Primers from the amplified KS fragments
were then used to identify the pederin cluster from an 80,000
cosmid clone metagenomic library. The first functional evidence
for the hypothesized catalytic function of trans-AT enzymes was
provided for the leinamycin (17) PKS, showing that a single AT
loads all the expressed acyl carrier protein domains (Cheng
et al., 2003; Figure 4). From studies on trans-AT systems, it
became rapidly clear that these PKSs exhibit an exceptional
architectural and catalytic diversity. Examples of components
that are absent or rare in cis-AT PKSs include various domains
for the formation of five- and six-membered heterocyclic rings
(Gulder et al., 2011; Matilla et al., 2012; Moldenhauer et al.,
2010; Tang et al., 2004), dehydratase domains that introduce
b,g-double bonds (Kusebauch et al., 2010; Moldenhauer et al.,
2010), and enzymes and domains for diverse carbon branches
(Moldenhauer et al., 2010).
For as-yet unknown reasons, trans-AT PKSs are by far the
dominant known PKS type in uncultivated bacterial symbionts,
while they are much less frequent in free-living cultivated
bacteria. Examples include biosynthetic genes for onnamide
(18) and psymberin (irciniastatin A) (19) from marine sponges
(Figure 4), bryostatin (5; Figure 2) from a bryozoan, patellazole
(4; Figure 2) from a tunicate, and rhizoxin (20) from a fungus
(Figure 4), which all belong to diverse endosymbionts. Many
complex polyketides with exquisite bioactivities are isolated in
extremely low quantities from invertebrates but are most likely
produced by trans-AT PKSs of symbiotic bacteria. On this ratio-
nale, strategies targeting trans-AT PKS genes have been devel-Chemistry & Boped to provide direct access to biosynthetic pathways for such
compounds (Fisch et al., 2009; Piel et al., 2004b), which can then
be used for the development of heterologous expression sys-
tems. For example, it is evident that trans- and cis-AT PKS sys-
tems evolved separately and form distinct clades when
compared phylogenetically, allowing for targeted genome min-
ing. Structure prediction from trans-AT PKSs are challenging,
since they do not follow the same colinearity rules as textbook
cis-AT systems. However, phylogeny-based rules have been
developed to predict polyketide structures from trans-AT PKS
sequences and vice versa (Nguyen et al., 2008). These phylog-
eny-based approaches facilitated investigation of trans-AT path-
ways from both cultured and uncultured bacteria (Irschik et al.,
2010; Nguyen et al., 2008; Teta et al., 2010).
Peptide Modifications
Peptide natural products from postribosomal peptide synthesis
pathways, recently designated ribosomally synthesized and
posttranslationally modified peptides (RiPPs), are produced
by all three domains of life, and many possess potent biological
activities (Arnison et al., 2013). The biological activities of RiPPs
include cytotoxicity, antimicrobial activity, anticancer, antiviral,
and quorum sensing. Though known throughout the realm
of cultivated bacteria, functional identification of at least two
new families of RiPPs originated from metagenomic studies
(Figure 5).
Cyanobactins constitute a large class (200 known products)
of cyclic RiPPs produced by both free-living and symbiotic cya-
nobacteria (Donia et al., 2008, 2011b). Many of these com-
pounds are cytotoxic. Common enzymatic modifications ofiology 20, May 23, 2013 ª2013 Elsevier Ltd All rights reserved 641
Figure 5. RiPPs from Pathways Elucidated through Metagenomic Studies
Posttranslational modifications are indicated by color: heterocyclization (pink); prenylation (green); C-methylation (orange); N-methylation (violet); epimerization
(red); and hydroxylation (blue). Polytheonamides differ in the stereochemistry of the sulfoxide moiety.
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2012; McIntosh et al., 2010a; Figure 6A) and heterocyclizations
(McIntosh et al., 2010b; McIntosh and Schmidt, 2010;
Figure 6B). Sometimes structures exhibit unprecedented preny-
lations of serine, tyrosine, or threonine residues facilitated by a
new family of O-prenyltransferases (O-PTs) (McIntosh et al.,
2011; Figure 6C). Several recent reviews discuss cyanobactins
in detail (Arnison et al., 2013; Schmidt and Donia, 2009). Though
the first cyanobactins were reported in 1980 from didemnid tuni-
cates (Aziz et al., 2008), it was only in 2005 when two groups
working independently identified and heterologously expressed
the patellamide (21; Figure 5) pathway (pat) from a cyanobacte-
rial symbiont, Prochloron didemni, of the tunicate Lissoclinum
patella (Long et al., 2005; Schmidt et al., 2005). While Long, Jas-
pars, and coworkers discovered the genes by expression
screening of an enriched P. didemni DNA library in E. coli,642 Chemistry & Biology 20, May 23, 2013 ª2013 Elsevier Ltd All righSchmidt et al. analyzed the symbiont DNA first for NRPS and
then for RiPP genes. Once the putative pat pathway was identi-
fied as a small RiPP cluster, it was expressed in E. coli yielding
20 mg l1. Knowledge of the patellamide pathway revealed
related enzymes encoded in numerous other symbiotic and
free-living cultured and uncultured cyanobacteria, with homo-
logs being present in about 30% of evolutionarily distant cyano-
bacterial taxa (Leikoski et al., 2009). In addition to the O-PTs,
mechanism of heterocyclization was elucidated from enzymes
in the pat and trunkamide (22; Figure 5) pathways (tru). Macro-
cyclization of cyanobactin RiPPs involves an Asp-His-Ser cata-
lytic triad analogous to macrocycle formation by thioesterase
domains of NRPSs. Upon recognition of a three-residue signa-
ture, a serine protease-like macrocyclase, PatG, cleaves a
C-terminal peptide sequence and facilitates the N-to-C macro-
cyclization (Figure 6A; Koehnke et al., 2012; McIntosh et al.,ts reserved
Figure 6. Modifications of Cyanobactin Ribosomal Peptides
Enzymatic reactions for (A) heterocyclization, (B) macrocyclization, and (C) prenylation as determined through in vitro experiments.
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systems, which require three distinct protein domains, the heter-
ocyclases in the pat and tru pathways involve only a single ATP-
dependent enzyme that is akin to molecular machines
(Figure 6B; McIntosh and Schmidt, 2010). Additional experi-
ments by the Schmidt group showed that combinatorial libraries
could be generated by engineering modifications in the cyano-
bactin precursor peptide (Donia et al., 2006, 2008).
The polytheonamides (23; Figure 5) are another example of
peptides originally thought to be products of an NRPS biosyn-
thetic route. Reported in 1994 from the marine sponge Theonella
swinhoei, these compounds exhibit a highly complex structure
and belong to the largest secondary metabolites known. The
polytheonamides are highly cytotoxic linear peptides comprisedChemistry & Bof numerous nonproteinogenic amino acids, including eight
t-leucine residues, eight g-N-methylasparagines, and at least
four additional unusual amino acids (Freeman et al., 2012; Ham-
ada et al., 2005). Despite sharing structural features with nonri-
bosomal peptides, including the presence of 18 D-amino acids,
their enormous size (48 residues) merited investigation whether a
ribosomal route might be involved (Freeman et al., 2012). Using
degenerate PCR primers based on the hypothetical unmodified
precursor peptide carrying only proteinogenic amino acids, a
fragment of the precursor gene was isolated from the sponge
metagenomic DNA. The sequence information allowed isolation
of the complete gene cluster from a 980,000 clone metagenomic
library constructed from the total sponge tissue. The precursor
protein (PoyA) has an unusually long leader sequence that isiology 20, May 23, 2013 ª2013 Elsevier Ltd All rights reserved 643
Chemistry & Biology
Perspectivehomologous to nitrile hydratase-like enzymes and does not
share similarity to RiPP precursors from characterized peptide
families. However, genes for homologous precursors were found
in various sequenced genomes of cultivated bacteria, suggest-
ing the existence of a new natural product family (Haft et al.,
2010). Polytheonamides are the, so far, only attributed members
of this family, which is termed proteusins.
Proteusin pathways exhibit some highly unusual enzymology.
For biosynthesis of 23, up to 48 posttranslational modifications
are necessary, making these compounds themost heavily modi-
fied RiPPs known to date (Figure 5). For four hydroxylations, at
least 21 methylations and 18 epimerizations, only six modifying
enzyme candidates were identified. Functions for several of the
modifying enzyme candidates were assessed by in vitro coex-
pression with PoyA. Most and perhaps all epimerizations are
catalyzed by a single epimerase, PoyD. This unprecedented
enzyme is a member of the radical S-adenosylmethionine
(rSAM) superfamily and performs the epimerization in a unidirec-
tional fashion rather than generating an equilibrium. PoyF shows
homology to the dehydratase domain of bidomain lanthionine
synthetases and catalyzes dehydration of a threonine residue
that is eventually converted to the unusual N-acyl residue. One
or two rSAM methyltranferases, PoyB and C, are proposed to
perform a total of four methylations of the modified Thr, resulting
in a net tert-butylation. This intermediate is then hydrolytically
cleaved to release the leader peptide and yield the final N-acyl
moiety. A single SAM-dependent N-methyltransferase, PoyE,
iteratively methylates eight asparagine residues. The function
of the rSAM methyltransferases, PoyB and C, along with the
Fe(II)/a-ketoglutarate-dependent oxygenase, PoyI, remains to
be fully elucidated but are hypothesized to be involved in the
23C-methylations and four hydoxylations of the polytheonamide
precursor, respectively. Homologs of the polytheonamide en-
zymes, aswell as enzymeswith as-yet unknown function, are en-
coded in many other proteusin gene clusters in a wide range of
bacteria. Thus, similar to cyanobactins and other examples dis-
cussed in this perspective, this is another case in which studies
on uncultivated bacteria have set the stage for the discovery of
new structural and enzymatic diversity on a broader scope.
The Way Forward
As described here, metagenomic approaches to natural product
drug discovery and biosynthetic understanding have not only
facilitated the functional characterization of uncultivated bacte-
ria but have also provided valuable insights into previously un-
known biochemistry in cultivatable organisms. Yet there are hur-
dles that must be overcome in order to fully maximize the
potential of metagenomics for natural product drug discovery
and development. As NGS technologies improve and become
cheaper and more routine, the amount of data an individual lab-
oratory can generate can become overwhelming fairly rapidly.
Automated genome mining tools, such as the recently devel-
oped antiSMASH (Medema et al., 2011) or ClusterMine360 (Con-
way and Boddy, 2013), will become critical when working with
multiple large data sets. However, since these methods rely on
homology-based queries, the identification of truly novel chem-
istry will likely rely on new strategies for bioinformatic genome
mining. These may include developing pattern recognition-
based algorithms designed to find conserved yet unexplored644 Chemistry & Biology 20, May 23, 2013 ª2013 Elsevier Ltd All righopen reading frames associated with natural product biosyn-
thesis. Additionally, genomics-guided functional screening and
heterologous expression is a logical next step in natural product
drug discovery and development as NGS sequencing technolo-
gies improve and prices drop. Host selection and engineering
based on phylogenetic and comparative genomic approaches
may assist in selecting the most appropriate universal host
for a particular environmental sample. A (meta)genome-first
approach may also provide a better understanding of compat-
ible gene regulation and resistance in order to identify and engi-
neer universal hosts that can express genes from awide range of
sources, as well as be used directly for library construction. This
will also require improved vectors that can carry and express
entire gene clusters stably and reliably.
We should not, however, turn away from cultivation. Recent
advances in cocultivation and environmental simulation have
shown that uncultured bacteria are not necessarily unculturable
(Stewart, 2012). Using semiporous culture chambers, two or
more organisms can be grown separately, yet a membrane al-
lows for the exchange of small molecules, such as nutrients
and growth factors. Other techniques, such as using natural
seawater as the culture medium (Kaeberlein et al., 2002) or the
use of microfluidics, have also proven successful for isolation
of rare bacterial taxa (Liu et al., 2009). Integration of ‘‘traditional’’
metagenomics with the latest tools in single-cell analysis (Blai-
ney, 2013; Kamke et al., 2012), metatranscriptomics (Yu and
Zhang, 2012), and metaproteomics (Muth et al., 2013) will
certainly aid in unveiling not only the biosynthetic potential of
uncultivated microbes but also how to express their genes het-
erologously and how to grow them effectively under laboratory
conditions.ACKNOWLEDGMENTS
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